Studies of the atmospheres of hot Jupiters reveal a diversity of atmospheric composition and haze properties. Similar studies on individual smaller, temperate planets are rare due to the inherent difficulty of the observations and also to the average faintness of their host stars. To investigate their ensemble atmospheric properties, we construct a sample of 28 similar planets, all possess equilibrium temperature within 300-500 K, have similar size (1-3 R ⊕ ), and orbit early M dwarfs and late K dwarfs with effective temperatures within a few hundred Kelvin of one another. In addition, NASA's Kepler/K2 and Spitzer missions gathered transit observations of each planet, producing an uniform transit data set both in wavelength and coarse planetary type. With the transits measured in Kepler's broad optical bandpass and Spitzer's 4.5 µm wavelength bandpass, we measure the transmission spectral slope, α, for the entire sample. While this measurement is too uncertain in nearly all cases to infer the properties of any individual planet, the distribution of α among several dozen similar planets encodes a key trend. We find that the distribution of α is not well-described by a single Gaussian distribution. Rather, a ratio of the Bayesian evidences between the likeliest 1-component and 2-component Gaussian models favors the latter by a ratio of 100:1. One Gaussian is centered around an average α = −1.3, indicating hazy/cloudy atmospheres or bare cores with atmosphere evaporated. A smaller but significant second population (20 ± 10% of all) is necessary to model significantly higher α values, which indicate atmospheres with potentially detectable molecular features. We conclude that the atmospheres of small and temperate planets are far from uniformly flat, and that a subset are particularly favorable for follow-up observation from space-based platforms like the Hubble Space Telescope and the James Webb Space Telescope.
INTRODUCTION
Astronomers are beginning to uncover the diversity of planet atmospheres. While studies of the atmospheres of Hot Jupiters number in the dozens (Sing et al. 2016) , there are to date only 4 planets smaller than 3 R ⊕ with published transmission spectra. Two of these planets, GJ 1214b (Charbonneau et al. 2009 ) and GJ 1132b (Berta-Thompson et al. 2015) , orbit nearby M dwarfs. An extensive campaign from the ground (Bean et al. 2010) , with the Spitzer Space Telescope (Désert et al. 2011; Fraine et al. 2013) , and with the Hubble Space Telescope (Berta et al. 2012; Kreidberg et al. 2014 ) revealed a flat and featureless transmission spectrum for GJ 1214b. For GJ 1132 in contrast, a deeper transit in z band may indicate strong opacity from H 2 O or CH 4 (Southworth et al. 2017) . A third and much hotter planet, 55 Cnc e, transits a nearby G dwarf (Winn et al. 2011; Demory et al. 2011) , and the fourth planet, HD 97658b, transits a K dwarf with the equilibrium temperature of around 750 K (Van Grootel et al. 2014; Dragomir et al. 2013; Knutson et al. 2014) . The paucity of transmission spectra for small planets, despite their common occurrence in the Milky Way (Howard et al. Dressing & Charbonneau 2013 Fressin et al. 2013) , is due to the faintness of most of their host stars, uncovered by NASA's Kepler mission. Additional studies of the individual transmission spectra of small planets await their discoveries around bright and nearby stars. NASA's TESS Mission, to be launched in the Spring of 2018, will uncover hundreds of planets smaller than 3 R ⊕ , with dozens orbiting stars brighter than 10th magnitude at optical wavelengths (Sullivan et al. 2015; Muirhead et al. 2017; Ballard 2018) . While the individual transmission spectra of small planets are largely the purview of studies a few years in the future, we already have in hand sufficient data to investigate at least one average property of the atmospheres of sub-Neptune planets. There exist more than two dozen small (1-3 R ⊕ ) and temperate (300-500 K) exoplanets, all orbiting M or late K dwarfs, with transit observations observed from both NASA's Kepler/K2 mission (with a broad optical bandpass) and NASA's Spitzer space telescope (at 4.5 µm). A difference in transit depth for a given planet between these bandpasses, while far from conclusive, encodes useful information about the planetary atmosphere.
Recently, Sing et al. (2016) found that the difference in transit depth between the blue-optical and mid-infrared is a useful discriminant in Jovian atmospheres. They measured the difference between the optical and nearinfrared transit depths in units of scale height, and identified a strong correlation between this quantity with the strength of the water absorption feature at 1.4 µm. For little-to-no difference between the transit depths at optical and mid-infrared wavelengths, the water feature was stronger, whereas a negative spectral slope (deeper optical transit than near-infrared transit) was associated with weak or no water absorption. Crucially for M dwarfs, a significant wavelength dependence in transit depth implies that an atmosphere of some kind exists. This is a critical constraint when the retention of any atmosphere at all for longer than a Gyr on a small planet orbiting an M dwarf is uncertain due to stellar activity, tidal interactions, and other effects (Zendejas et al. 2010; Barnes et al. 2013; Heng & Kopparla 2012; Shields et al. 2016) . Nature creates radically different atmospheric conditions even within much similar temperature and radius ranges, as Earth and Venus illustrate. With this sample, rather than characterize any one planet, we aim to investigate the average of the group as a whole, or indeed to establish whether the sample can be well-described by a single normal distribution. While the Spitzer transit precision may be insufficient to distinguish a flat transmission spectrum from one with features on a case-by-case basis, a joint analysis of two dozen similar planets enables an average measurement on the transmission spectra of planets of this kind.
A few reasons can lead to the difference between the Kepler band and the Spitzer band transit depths of a planet. In a blended binary or a blended authentic planetary system, the transit depth will vary unless the two stars have identical effective temperatures (Fressin et al. 2010) . As the planet blocks a fraction of one star, the budget of combined photons from the two stars will shift redward or blueward, producing an apparent change to the transit depth with wavelength. In this work, we will carefully select our targets so that, in combination with Spitzer's high spatial resolution, the effect of a blended nearby source on our Spitzer transit depth measurements will be negligible. And we correct for the blended source effect on the Kepler transit depth measurements with the radius correction factors from Furlan et al. (2017) . Alternatively, star spots can also produce an artificially different transit depth between two wavelengths (McCullough et al. 2014) , with strongest effect on transit depth in the blue. In this case, the near-contemporaneous nature of the Kepler and Spitzer data sets for each planet is key: we have an estimation for how the star spot coverage is varying on the star from the optical light curve. The remaining explanations for a different transit depth are atmospheric. The observed transit depth changes because the optical depth of the atmosphere varies with wavelength and alters the size of the planets silhouette. We adopt a phenomenological approach rather than a physical one for the transmission spectral slope: an exhaustive list of the variety of atmospheric properties that could produce a different transit depth between these two bandpasses is beyond the scope of this paper. There exist three possibilities for each planet: the transit depth may be indistinguishable between the two bandpasses, it may be deeper in the infrared (in which case, molecular absorption must play a role of some kind), or it maybe be shallower in the infrared (in which case, we assume hazelike scattering is occurring, either with or without molecular absorption). The Kepler bandpass and the Spitzer 4.5 µm bandpass are sufficiently far apart to probe the average transmission spectral slope (Sing et al. 2016) , and investigate, albeit coarsely, the general trend of the transmission spectra of these planets.
The layout of this paper is as follows. In Section 2, we describe our our sample planets and their Spitzer observation parameters. In Section 3, we describe the PixelLevel Decorrelation and Gaussian process that we used to analyze the light curves, and the transit parameter selections. The transit fitting results and the comparison with previous works are presented in Section 4. And we discuss in detail the atmosphere models we use to calculate the transmission spectra slopes and the cross section power law index in Section 5. The ensemble atmospheric properties of our planet sample is also presented in this section, along with their trend as a function of different planetary properties. We present more considerations into the calculation of scale heights of planet atmospheres in the discussion of Section 6, as well as future directions into improving the study of atmospheres of small temperate planets.
PLANET SAMPLE AND DATA
Our sample comprises planets with equilibrium temperatures between 300-600 K and radii between 1-3 R ⊕ , orbiting stars of spectral type M or late K. All stars within this sample possess published spectroscopic temperatures and radii (Mann et al. 2013; Martinez et al. 2017; Crossfield et al. 2016; Dressing et al. 2017; Huber et al. 2016) . We include only stars with spectroscopic characterization for several reasons: first, we can be certain that the host stars are dwarfs and not giants. Secondly, with a typical Kepler M dwarf spectrum and exoplanet light curve in hand, the planetary radius and insolation are known to 10% and 20% certainty (Muirhead et al. 2012; Ballard et al. 2013) , while these errors are 2-3 times larger for planets transiting Kepler M dwarfs with only photometric stellar characterization (Dressing & Charbonneau 2013) . Of the approximately 490 hours of data for these 28 planets, amounting to 64 total transits, approximately half are published in the literature (Désert et al. 2015; Ballard et al. 2011) . Of our 28 planets, 18 possess effective temperatures in the approximate M1V-K7V range between 3800-4200 K (Boyajian et al. 2013 ). An additional 9 reside within the slightly cooler range 3400-3800 K, bracketing spectral type M3V. Additionally in this sample, all Spitzer observations were gathered either contemporaneous with Kepler observations of the planet or within a year of them. The properties of our sample planets and their host stars extracted from previous works, and the observation channels and duration are listed in Table 1 .
In our sample of 28 planets, 18 are from the original Kepler mission (Spitzer Program ID 60028 with PI David Charbonneau) and 10 are K2 planets (Spitzer Program ID 11026 with PI Michael Werner). All 28 planets were observed by the Spitzer Infrared Array Camera (hereafter IRAC) at 4.5 µm, while 2 of them were also observed by the IRAC at 3.6 µm. Each observation of a planet covers one transit, with the light curve cadence ranging between 2 seconds and 30 seconds. Physical properties of planets in our sample and their host stars are extracted from a set of previous works with the most accurate and precise results, which are described in detail in section 3.2. The number of archived Spitzer observations of each planet that we used is also presented in Table 1 .
SPITZER LIGHT CURVE FITTING
We model our Spitzer light curves using the PixelLevel Decorrelation (hereafter PLD) method, as well as a Gaussian process. as described in Deming et al. (2015) , which is the most effective way of dealing with the flux fluctuations of Spitzer IRAC images that are caused by pointing jitter. This methodology, which we describe in detail in this section, is applicable under two circumstances. First, PLD relies upon the assumption that the incoming stellar flux is falling on the same set of pixels throughout the entire time series. For a constant source, the values of these pixels ought to sum to the same amount at every exposure. When it does not, as for both Spitzer (Deming et al. 2015) and Kepler observations (Luger et al. 2016 (Luger et al. , 2017 , then we know pixel sensitivity variations must be responsible. The undersampled PSF may drift only a fraction of a single pixel over the duration of several hours, but sensitivity changes over the pixel will cause a constant astrophysical source to appear as much as 10% brighter or dimmer. This effect, which swamps the hundreds-of-ppm astrophysical signal we hope to extract, requires careful treatment to remove. Secondly, while Deming et al. (2015) demonstrated that PLD can achieve shot-limited precision, a Gaussian process used in tandem can characterize any residual systematic noise (whether due to instrumental or astrophysical signal). The use of Gaussian processes for the treatment of systematic noise relies upon the selection of the correct kernel to characterize the correlation timescale and amplitude. While timescale and amplitude are free "hyper parameter" that are allowed to vary, the functional form itself of the kernel must be chosen judiciously. In recent years, the number of total observations N was also a limiting factor for the use of Gaussian processes, which requires an N × N matrix inversion (Gibson et al. 2012) . However, recent innovations have reduced this computing time from O(N 2 ) to O(N ) (Foreman-Mackey et al. 2017a) .
The fitting parameters are composed of nuisance parameters describing the weight of each pixel included and systematic temporal ramps, and transit model parameters. On top of that, we cooperate a Gaussian process into the fitting to account for the possible red noise in Spitzer time series. The covariance matrix of the Gaussian process is parameterized with a Matern−3/2 kernel, which has been widely used in previous light curve analyses and proved to perform well (Louden et al. 2017; Gibson et al. 2013 ). This kernel is defined by two hyper-parameters: ρ, which encodes the autocorrelation timescale, and amplitude A, which encodes the fractional contribution from off-diagonal elements to the total covariance. For A = 0, the noise is purely Gaussian.
Pixel-Level Decorrelation
We employ the PLD method described in (Deming et al. 2015) , which is the most effective way of dealing with the flux fluctuations of Spitzer IRAC images that are caused by pointing jitters, and we briefly summarize as follows. The PSF moves by less than a tenth of one pixel during the entire time series (Grillmair et al. 2012) , so that the same set of typically 9 pixels encodes both the incident flux and the relative position of the star. We illustrate the PLD process first with an example of a constant astrophysical source. As pointing drift occurs, the relative flux received by each pixel changes slightly, but the total flux incident upon the pixels remains the same. At every point in time, we know a priori that the 9 pixels must sum to the same constant number. To enforce this sensible conclusion, we normalize the set of 9 pixel values at each exposure time. We call these P t . The linear combination of these 9 individual pixel time series is the measured time series: in an ideal scenario, we would weigh each pixel uniformly in this sum. However, if the pixels are not perfectly uniform, we ought to weigh each pixel light curve P t i according to this variation, where i runs from 1 to 9. Mathematically, we treat each individual normalized pixels time series P t i as a eigenvector, where the eigenvalues encode the relative pixel sensitivities. It remains only to solve for the 9 eigenvalues, c i . We add only two additional eigenvectors to describe temporal variation in the astrophysical source: the transit model, and a temporal ramp. Equation 3.1 shows the formula of the PLD model at each time t (details of the PLD algorithm could be seen in Section 2 of Deming et al. (2015) ):
where ∆S t is the variation of total brightness at time t,P t i is the relative flux change contributed by pixel i, which is scaled by a weight parameter c i , D is the transit depth and E(t) is the normalized transit shape, f t + gt 2 + h is the polynomial to describe the detector temporal ramp. In practice, we find that the effect of the constant term h can be included in the variation of the set of weight parameters {c i }, so our physical model has N + 3 free parameters in total, where N is the pixel number. In section 3.3, we discuss the Gaussian Process (GP hereafter) that is introduced in our fitting process to account for the time-correlated noise, and this adds in 2 more parameters, making the total number of parameters N + 5.
Since the positional stability of Spitzer has been improved greatly (Grillmair et al. 2012) , a relatively few pixels can capture most of the information. Experiments in Deming et al. (2015) typically use a group of 9 pixels contained in a 3×3 pixel square area which covers the stellar image. In practice, we found that the PSF of the images of our sample planets are typically larger than a 3×3 pixel box. To make sure that we include enough pixels to perform PLD correctly, but not too many since each new pixel introduces one more weight parameter into the fitting process, we choose the set of pixels in an observation such that each pixel contributes more than 1% of the total intensity of the object. An example of our pixel selection is shown in Figure 1 . For reproducibility, we list the pixel selection of each AOR of every planet in our sample in the Appendix.
We point out that the PLD method assumes no blending source in selected pixels. A blending primary or secondary star could dilute the transit light curve and re- sult in underestimated planet radius. Furlan et al. (2017) presents the result from the Kepler imaging follow-up observation program, and reports that around 10% of KOI host stars have at least one companion detected within 1 , while the actual fraction should be even larger due to the limited imaging sensitivities. Furthermore, assuming that planets orbit the primary stars or the brightest companions, they derive an average radius correction factor of 1.06 or 3.09 for KOI planets. Since the Spitzer IRAC pixel size is ∼1.2 , in comparison with Kepler's ∼4 pixel size, the blending source problem of Spitzer light curves should be considerably smaller than that of Kepler light curves. We include a star into our sample only if any catalogued companion/background source within 3 radius from the primary star is more than 3 magnitudes fainter than the primary star in the K s band. We estimate that with this criterion, blending sources can only contributes no more than a few percent uncertainty to the transit depth measurements, negligibly small compared to the uncertainty from Spitzer photometric noise. As for the blending problem in Kepler results, we correct the Kepler band effective radius of each planet in our sample with the correction factors presented in Furlan et al. (2017) .
Transit Model and Parameters
We model the transit light curve using the BAsic Transit Model cAlculatioN (hereafter BATMAN) package provided by Kreidberg (2015) . We fix orbital period, and duration to the values measured by Kepler/K2, and calculated the semi-major axis using the Kepler's law with the stellar mass and planet orbital periods. To enforce self-consistency, we solve for the orbital inclination using these three parameters rather than employing the reported values. We note that 11 planets in our sample have previously-derived Kepler transit duration too long to match the semi-major axis and period even for 90 degrees inclination (edge-on). This could result from either imprecisely determined transit parameters from previous works, or the fact that the planets have slightly eccentric rather than circular orbits. We believe our sample have low eccentricities as a rule, for reasons we explain below, so we assume an edge-on inclination for these 11 planets and recalculate their orbital semi-major axis according to the literature period and duration values.
Orbital eccentricities are generally poorly determined from transit light curves alone. We elect to set eccentricity to zero for three reasons: first, because tidal theory predicts that M dwarf planets at these orbital distances likely circularized shortly after formation (Barnes 2017) . Secondly, half of our planet sample resides in systems with more than one transiting planet, and Xie et al. (2016) measured low orbital eccentricity (< 0.07) and mutual inclination as a rule for multi-transit systems. Thirdly, ensemble analyses of M dwarf planetary systems show that the singly-transiting planets are dominated (a fraction of 64-84% according to Xie et al. (2016) ) by a dynamically cool population similar to the multi-transit systems Moriarty & Ballard 2016 ). Employing this reasoning, then of the 28 planets in our sample, it is likely that at least 21 have eccentricities smaller than 0.07 (Xie et al. 2016 ). Holczer et al. (2016) detected significant Transit Timing Variations (hereafter TTVs) in about 1/10 of all KOIs in their sample, which could produce mid-transit epoch variations as large as a few hundred minutes, and significantly bias our depth fitting results for single transit light curves, therefore we set the transit epoch as another free parameter in our fitting. This enlarges the transit depth uncertainty, but we consider it a source of uncertainty necessary to be taken into account.
To make sure that all planets in our sample are analyzed consistently, we choose Kepler band transit depths and transit parameters from uniform literature sources. Two previous works, Vanderburg et al. (2016) and Crossfield et al. (2016) , studied large samples of K2 planets, each using an uniform approach. Vanderburg et al. (2016) released their transit analysis results of 234 planet candidates from Campaigns 0-3 of the K2 observations. Later Crossfield et al. (2016) analyzed the Campaign 0-4 data of the K2 mission, and found 197 planet candidates which were then classified into 3 more detailed categories, and presented their transit parameters. For K2 planets in our sample, we use parameters from Crossfield et al. (2016) because it employed a more detailed false positive analysis using supporting high-resolution spectroscopy, and therefore achieved higher transit fitting precision. As a result, for all K2 planets in our sample but K2-9b, which could not be validated with high confidence in Crossfield et al. (2016) due to inaccurate stellar parameters, we take planet period, transit duration and Kepler band transit depths from Crossfield et al. (2016) 's catalog. Parameters of K2-9b are taken from Vanderburg et al. (2016) .
Similarly, the host star parameters of our sample K2 planets are all taken from Martinez et al. (2017) , which studied a large set of K2 host stars with high accuracy, except for three stars that are not included in Martinez et al. (2017) 's catalog: K2-26, K2-28, and EPIC205686202. For these three stars, we use stellar parameters from Crossfield et al. (2016) , Dressing et al. (2017) and Huber et al. (2016) respectively.
For planets detected during the original Kepler mission, we choose orbital parameters preferentially from Holczer et al. (2016) because it includes detailed TTV and TDV analysis, and all stellar parameters are from Mann et al. (2013) , which includes the most recent accurate analysis of KOI stellar radius and mass.
We model the stellar limb-darkening effect with the quadratic limb-darkening law defined by 2 coefficients. Claret & Bloemen (2011) computed limb-darkening coefficients of different models for a list of photometric systems, and put together a catalogue of coefficients on a hyper grid defined by stellar parameter values and photometric bands. We look up the quadratic limb-darkening coefficients of each star in this catalogue based on its T eff , logg, and [Fe/H] values from previous works, and set them as input parameters of BATMAN.
Gaussian Process
The PLD method can significantly reduce or eliminate red noise in Spitzer photometry (Deming et al. 2015) , but to ensure that our transit fitting is not biased by any additional time-correlated noise, we also incorporate a Gaussian process into the fitting. Luger et al. (2016 Luger et al. ( , 2017 demonstrated that the PLD+GP technique results in the highest-precision K2 photometry. The covariance matrix of our Gaussian process is parameterized with a Matern−3/2 kernel, demonstrated to effectively capture residual systematic noise in Spitzer data (Louden et al. 2017; Gibson et al. 2013; Evans et al. 2015) . This kernel is defined by two hyper-parameters: ρ, which encodes the autocorrelation timescale, and amplitude A, which encodes the fractional contribution from off-diagonal elements to the total covariance. For A = 0, the noise is purely Gaussian.
We test and apply Gaussian Process to our PLD fitting algorithm using the celerite fast GP regression library (Foreman-Mackey et al. 2017b ).
Simulation and Test
Kepler-138b is a well studied planet in a multiplanetary system with a relatively precisely determined transit depth (Jontof-Hutter et al. 2015; Kipping et al. 2014) , and it is hosted by one of the brightest stars in our sample, with a low Spitzer photometry noise. We simulate red noise with various correlation time scales using the Matern-3/2 covariance matrix based on the light curve of Kepler-138c, including the transit model and the temporal ramp in detector sensitivity. We then assign the total flux time series into 9 pixels according to the mean and variance of the fractional contribution from each pixel in the real Kepler-138c observation. The assignment ensures that the total flux time series is not changed.
We then apply our PLD and GP combined fitting pipeline to the simulated Kepler-138c time series, and compare the recovered correlation time scales and transit depths with the input values. We test 4 different correlation time scales: 5 seconds, 10 seconds, 50 seconds, and 100 seconds, and the results are shown in Figure 2 . We can see from Figure 2 that the recovered time scales are in general consistent with the input values. In the case when the input time scale is 5 seconds, the posterior converges to a value slightly larger than 5 seconds. This is because the light curve cadence is around 6 seconds, and this feature biases the GP to a time scale between 5 and 6 seconds. More importantly, the posteriors of transit depth are all symmetrically distributed around the input value, and consistent within 1 σ uncertainty. This proves that our GP can successfully recover a transit signal similar to Kepler-138c when a combination of red and white noise are present. We also notice a positive correlation in our test results between the uncertainty on transit depth and the red noise time scale: The longer the correlation length, the greater the measurement uncertainty.
Apply GP to the Sample
We combine the PLD and GP into our MCMC fitting pipeline, and apply the pipeline to each observation of every planet in our sample. The results show that all Spitzer light curves in our sample are dominated by white noise: the noise correlation time scales are all smaller than the cadence of the observations. From our previous test, we know that the best-fit GP kernel tends to be shorter than the observational cadence if the contribution of red noise is low. We conclude, similarly to Deming et al. (2015) , that PLD adequately removes instrumental noise without introducing systematic error. The fitting results of other transit parameters are presented in the next section.
RESULTS
We summarize our fitting result of the transit depth of each planet in Table 2 . Also listed are radii of host stars and transit depths in the Kepler band for future references. In addition, we present the mid-transit time of all 64 transits in the Appendix, which will allow more efficient scheduling of HST and JWST observations to further characterize our sample in the future. Figure 3 shows a comparison of the Kepler and Spitzer transit depths for each planet, in increasing order with Kepler transit depth. In black are the Kepler transit depths (with individual errors too small to be seen in this scale), where red error bars show the Spitzer transit depths for each observation. We find that multiple Spitzer transit observations of the same planet produce consistent results within 1 or 2 sigma for each planet, an independent piece of evidence that we are achieving close to Poisson-limited precision on the transit depth.
On Figure 5 we show the fractional distribution of the discrepancy between Kepler transit depths and Spitzer transit depths, scaled to the number of sigma between them. Around 61% observations have discrepancies within 1 sigma, and about 98% observations have discrepancies within 3 sigma.
Previous works have measured the transit depths on the Spitzer 4.5 µm band for six planets in our sample using the PLD method. Beichman et al. (2016) analyzed 3 transits of K2-3b, 2 transits of K2-3c, 2 transits of K2-3d and 1 transit of K2-26b, Benneke et al. (2017) and Chen et al. (2018) studied 1 transit of K2-18b and K2-28b respectively. In this work, we reanalyzed all transits measured in previous works, and compared our result with the previous result of each transit (10 transits in total) in Figure 5 . The differences in all transit depths are smaller or around 1 σ, and the uncertainties on our measurements are larger because we modeled the photometric noise with a Gaussian process, and included 2 extra parameters describing the kernel used in the Gaussian process. Two reasons could lead to the differences between our results and previous results: first, differences in the selections of input stellar parameters, and second, differences in the Spitzer PSF selection. To ensure sample consistency and facilitate valid comparison with the Kepler band transit depths, we have used revised planet parameters from the K2 analysis in Crossfield et al. (2016) and the stellar parameters from Martinez et al. (2017) for the 3 planets with differences larger than 1 σ. And we have included all pixels around the star that contribute more than 1% of the total flux to ensure that our PLD analysis is correct, while Beichman et al. (2016) and Chen et al. (2018) chose circular PSF of 2.2 and 1.9 pixels in radius respectively, and Benneke et al. (2017) used a set of 3×3 pixels. The pixel selections of all targets in our sample are listed in the appendix.
Combining with all available new transit data that were not analyzed before, we updated the transit depths on the Spitzer 4.5 µm channel for the six planets, and listed the results from this work and previous works in Table 3 for future references. We can see that our Gaussian process can recover the input transit depth within ∼ 1σ uncertainty. The autocorrelation time scale can mostly be recovered, with the exception of input time scale of 5 seconds, and this is likely due to the fact that the input cadence is ∼6 seconds.
ATMOSPHERE PROPERTIES
With transit depths measured only in a single optical and infrared bandpass for an exoplanet, we have only a hint of the atmospheric properties. We cannot probe the molecular content of the atmosphere, like studies with higher-resolution transmission spectroscopy. However, a difference in transit depth with wavelength does necessitate the existence of an atmosphere of some kind. This alone is an uncertain proposition for planets at this radius and temperature range orbiting M dwarfs, for which tidal locking and strong stellar magnetic activity pose danger to atmospheres (Zendejas et al. 2010; Heng & Kopparla 2012; Barnes et al. 2013) . Additionally, we already know from Sing et al. (2016) for Jovian planets that the difference in transit depth between the blue-optical and mid-infrared is correlated with the presence of water absorption.
For the purpose of this study, we quantify this difference between the optical and infrared transit depth with a power law slope α between the two. Assuming a hydrogen dominated atmosphere in hydrodynamic equilibrium, Lecavelier Des Etangs et al. (2008) derived the variation of the planet effective radius as a function of the observation wavelength on transmission spectra: αH = dR p (λ)/d ln λ (which will be described later as equation 3), where the critical parameter α is the index of the power law describing the scattering cross section distribution of atmosphere particles as a function of wavelength. According to light scattering theories, the value of α is a useful indicator of particle sizes should a haze/cloud feature is present, and the efficiency of scattering decreases as photons approach the size of scattering particles (Hansen & Travis 1974) . In particular, we are familiar with the Rayleigh scattering, which yields α = −4 and is the key mechanism governing the scattering of small particles which produces haze features on transmission spectra. Another special case is the flat transmission spectra with molecular features obscured. These are caused by high altitude cloud decks on planet atmospheres, and the clouds consist of large particles by which stellar light is scattered through a Mie scattering process which has α = 0. Therefore it is in theory possible to constrain the particle size in planet atmospheres with this cross section power law index α, and α could be measured from the Kepler and Spitzer band transit depths. Fortney (2005) showed that the optical depth τ for lights of wavelength λ through a planet's atmosphere at an altitude z in the line of sight can be described by the formula
Haze/Cloud Power Law Slope
where n(z) is the number density of particles in the atmosphere with absorption cross section σ(λ), R p is the planet radius, and H is the local atmosphere scale height which describes the vertical profile of particle density: n(z) = n (z=0) exp(−z/H). The absorption cross section varies according to a power law in wavelength:
where the value of α depends on the size of atmosphere particles. For Rayleigh scattering which involves small particles, α = −4, and for Mie scattering which is caused by large particles, α = 0. The effective planet radius R(λ) for the star light at wavelength λ is defined such that a sharp occulting disk of this radius would produce the same transit depth as the real planet with with translucent atmosphere (Lecavelier Des Etangs et al. 2008) . Therefore, we can integrate the amount of light on wavelength λ absorbed over the entire atmosphere using equation 1, Spitzer transit depths from previous works Spitzer transit depths from this work Spitzer transit depths from previous works Spitzer transit depths from this work Figure 5 . A comparison between the depths of 10 transits measured in this works and previous works, ordered according to the transit depths reported in previous works. The differences in all 10 transits are smaller or around 1 σ. All data points have error bars, but for several of them, the error bar sizes are smaller then the marker sizes.
and evaluate the effective radius R(λ). Using equation 1 and 2, we can get the equation describing the effective radius as a function of wavelength:
We fit the large scale transmission spectrum slope dR p (λ)/d ln λ of each planet in our sample using the two transit depth measurements of each planet on the Kepler band and the Spitzer band from section 4, and the transit depth uncertainties are taken into account during the linear fitting. The center values and uncertainties of dR p (λ)/d ln λ are listed in Table 4 . The fitting posteriors of each planet are shown in Figure 6 , and we added the data and corresponding fitting posteriors of two well known super-Earths, GJ 1214b and GJ 1132b, to complement our sample. All data and posterior lines are shifted on the figure so that the relative altitude on the Kepler band is zero for easy comparison. We can see that the posterior lines are partly distributed around a flat spectrum, but there is also a small portion of transmission spectra slopes deviated from the flat spectrum, and featuring positive values. We will discuss more about the bimodal distribution in the following sections. With our measurements of dR p (λ)/d ln λ in hand, we have a constraint on the product αH. We now require an estimate of scale height to extract a constraint on α.
Atmosphere Scale Height
Assuming an ideal gas in hydrostatic equilibrium, the pressure of the atmosphere P as a function of height z is given by d ln p = −1/Hdz. Here H is defined to be the scale height. At this height, the atmospheric pressure has fallen from the base pressure of P 0 to P 0 e −1 . H is expressed as follows: where k is the Boltzmann's constant, and T , µ and g are the local temperature, mean molecular weight and gravity respectively. For a hydrogen dominated atmosphere, µ = 2, while often µ = 2.3 is used in transmission spectra analysis assuming H/He dominated atmosphere (de Wit & Seager 2013; Lecavelier Des Etangs et al. 2008 ). Since we only have transit observations on two wavelength bands, and the Spitzer band transit uncertainties are large, our data quality doesn't allow high mean molecular weight atmosphere analysis. Thus we adopt µ = 2, which could enlarge the atmosphere scale height and lead to smaller index α values. Because we apply uniform µ values to all planets in our sample, which also all have similar sizes and occupy similar positions in their systems, the statistical distribution of α values will still reflect the ensemble property of the population. The surface gravity of a planet with mass M p and radius R p is g = GM p /R 2 p . However, for most of our sample, no dynamical mass estimate exists. We use the mass-radius relation for sub-Neptune sized planets from Wolfgang et al. (2016) : M/M ⊕ = 2.7(R/R ⊕ )
1.3 , to determine planet masses. And for the temperature T in equation 4, we take the most recent planet equilibrium temperatures from the NASA Exoplanet Archive. With these parameters assigned, we are able to calculate the approximate atmosphere scale height of each planet in our sample. The scale heights are listed in Table 4 for future reference.
5.3. Uncertainty on the Power Law Index α Using equation 3, and combining the measurements on H and dR p (λ)/d ln λ, we arrive at the haze/cloud scattering power law index α, as presented in Table 4 , along with the uncertainties on α. We propagate our uncertainty on the scale height into our uncertainty on α in the following way. We assume normal distributions for T p and R p with their standard deviations taken from the NASA Exoplanet Archive, which are also listed in Table 4 .
For the planet mass M p , we used the result from Wolfgang et al. (2016) , which presented a probabilistic M p − R p relation for sub-Neptune-sized planets (R p < 4R ⊕ ):
The relation was evaluated using a number of previous works on planet mass and radius measurements. However, this relation has a relatively large scatter in mass of ∼ 1.9M ⊕ , which equals to around 29% of the mass for a 2R ⊕ sized planet, and around 42% of the mass for a 1.5R ⊕ sized planet. This uncertainty is also propagated into the uncertainty on α, and more discussions about planet mass uncertainties can be found in section 6.2.
Power Law Index versus Planet Physical Properties
We plot α against R p , semi-major axis a, and equilibrium temperature T p , as are shown in Figure 7 , 8 and 9 respectively. The black flat lines represent a flat transmission spectrum, for which α = 0.
We report three main findings. First, the measured values for α mostly cluster around a value indistinguishable from zero. However, there exist a number of planets for which the slope is inconsistent with zero and positive. In the next section, we discuss the statistical likelihood that all measurements are drawn from the same parent population. Secondly, this distribution is traced by the Kepler planets and by the K2 planets: a population of α values near zero, with a subset of positive values. And thirdly, no physical parameter obviously traces α.
On closer look, Figure 7 indicates that higher α values tend to appear for planets with slightly smaller radius, though there is no clear overall trend. In Figure 8 , we can see that planets orbiting with larger semi-major axis have more scattered α values with larger uncertainty, but no obvious trend is observed. In comparison, a potential correlation shows up when we plot α against planet equilibrium temperatures: Figure 9 shows that large α values appear only for planets around or cooler than 500 K in our sample. The semi-major axis of planets are calculated using their periods and host stars' mass, and equilibrium temperatures are obtained from previous works.
Two Populations of Planets
We fit the distribution of α values of the 30 planets with two models: one with a single Gaussian shape (1-Gaussian model), and the other with two Gaussian formulae added together (2-Gaussian model). The 2-Gaussian model is defined by the separate width σ and the mean µ of each Gaussian, in addition to a fraction parameter f describing the fraction of planets going into the population modeled by the second Gaussian, so that we allow σ α1 , σ α2 , µ α1 , µ α2 and f , to vary.
When f = 0, the 2-Gaussian model collapses to the 1-Gaussian model. Our set of models is therefore nested, because all instances of the simpler model are a subset of the more complex model. The goodness of fit of the two models are compared using the Likelihood Ratio Test (Huelsenbeck & Crandall 1997) , which is applicable for nested models. The test statistics are defined as: 
and the probability distribution of D is approximately a χ-squared distribution with degrees of freedom equal to the number of new parameters introduced by the more complicated model, which in our case is 3. Therefore by calculating D and comparing with the relevant χ-squared distribution, we are able to obtain the p-value of the more complicated 2-Gaussian model when comparing with the 1-Gaussian model, which indicates the probability that 2 populations are needed to fit the observed α distribution. Figure 10 (a) summarizes the results of this exercise. For the sake of illustration, we depict the underlying α distribution in blue. For each planet, we generate a random set of α values drawn from the mean and uncertainty of the measured α. We then combine these sample distributions for all planets. The result of binning this final, combined distribution is shown in blue. These binned blue points are only presented for demonstrations, and the actual fitting does not depend on the binning. The red curve is the best-fit model after maximizing the likelihood, which shows a distribution of α centered on µ α = 0.1 with a standard deviation of σ α = 9.7. The pink and grey shaded areas represent the 1σ and 3σ posterior distributions of the fitting. A visual comparison between the likeliest model (red) and the underlying distribution (blue) shows that a single Gaussian does not adequately recover the tail of high α values. In comparison, the 2-Gaussian model proves to be a significantly better fit for the observed data, as is shown in Figure 10(b) . The minor population with high α values is represented by a Gaussian centered at µ α1 = 27.4 with standard deviation σ α1 = 32.2, and the major population with lower α is represented by a Gaussian centered at µ α2 = −1.3 with standard deviation σ α2 = 5.6. The fraction of the smaller population is 20 ± 10% in the best-fit model. And for this model, −2 ln (maximum likelihood) ≈ 220.7.
From above, we calculate the test statistics D to be 11.7, and on the χ-square distribution with degree of freedom 3, this corresponds to a p-value smaller than 0.01.We conclude that the α values from our sample of planets are not drawn from a single Gaussian distribution, but rather from two distinct Gaussian distributions. The data favor the latter hypothesis with odds of 100:1.
To investigate the possibility of a third population, we also fit the α distribution with a 3-Gaussian model, and found −2 ln (maximum likelihood) ≈ 220.7 for this model, which corresponds to a p-value larger than 0.95 when comparing the 2-Gaussian and the 3-Gaussian model. The result indicates that a 2-Gaussian model is sufficient to describe the α distribution with a probability larger than 95:100.
6. DISCUSSION Hörst et al. (2018) presented the first laboratory haze production experiments for atmospheres of super-Earths and mini-Neptunes. They explored a temperature range similar to that of our sample, and found that while all simulations produced particles, the production rates varied greatly, with some rates as low as 0.04 mg/hour. This experimental result predicts that some, but not all super-Earth and mini-Neptune atmospheres possess photochemical hazes, which is consistent with our conclusion that the smaller population indicates clear atmospheres with detectable molecular features. More implications of our results for the atmospheric and physical properties of planets are discussed as follows.
6.1. Atmosphere of planets around early M/late K dwarfs UV emissions from M type planet host stars have extensive implications on planets' habitability. For planets orbiting close to their M type hosts, the large amount of UV flux can drive the photochemistry processes which lead to the formation of Titan-like hazes in CH 4 -rich planetary atmospheres (Turbet et al. 2017) , and thus result in negative α values. In addition, Extreme-UV photons are capable of ionizing hydrogen atoms, heating the atmosphere, and triggering atmosphere escaping which will present the transmission spectrum as a flat line (France et al. 2012) . These theories are consistent with the trends we see in Figure 8 and 9, that planets closer to the stars or with higher equilibrium temperatures tend to have flat or negatively sloped transmission spectra. Although the relatively large uncertainties in Spitzer transit depth measurements, the small number of planets with high α values, and the fact that we only have information on two or three bandpass of planet transmission spectra hinder us from confirming any trend with high significance, we are confident in making two points about planets around M stars with our sample: first, it is possible for temperate planets around early M/late K dwarfs to retain an atmosphere; and second, temperate planets around early M/late K dwarfs consist of 2 populations in terms of atmosphere power law index α, as was discussed quantitatively in Section 5.5.
Puffy Planets
Both Rogers (2015) and Wolfgang et al. (2016) identified a discontinuity in planet composition at 1.6 R Earth . The majority of planets smaller than this size are rocky, though Wolfgang et al. (2016) also found larger uncertainty in the mass-radius relationship among planets this size. Weiss & Marcy (2014) also found that planets smaller than 1.5 R p have smaller bulk density, and therefore shallower M p − R p relation with an uncertainty of 2.7 M ⊕ in mass. These could explain why three planets smaller than 2 R ⊕ in our sample show α 20: the M p − R p relation we use could have overestimated their density, leading to surface gravity g larger than true values, therefore too small scale heights and too large absolute values of the power law index α as a result. If accurate mass measurements can be obtained for these planets, we will be able to correct for this enlargement effect in α measurements.
These planets might conceivably be drawn from the lower density mass-radius relation in Wolfgang et al. (2016) for planets with masses measured by transittiming variation. This category of planets already includes at least one planet from this sample: Kepler-138d. Lee & Chiang (2016) identified a type of planet they designated as "super-puff", which contains only 2-6 M Earth of material with radii between 4-10 R Earth . These super-puffs acquired their thick atmospheres as dust-free rapidly cooling worlds outside ∼1 AU. Although our planets are smaller and closer to their host stars than the super-puffs described in Lee & Chiang (2016) , their trend in temperature, as is shown in Figure 9 , matches the hypothesis that these puffy planets formed in cooler environment.
The super-puff hypothesis will not affect our argument of 2 populations of planets. As can be observed in Figure  7 , the trend that smaller planets may be puffier only exists for a subset of our planet sample, while the rest of our planets show a consistent α distribution around zero slope over all sizes.
SUMMARY AND CONCLUSION
We analyzed the Spitzer light curves of 28 temperate super-Earths/mini-Neptunes orbiting early M dwarfs or late K dwarfs using the PLD method combined with a . These binned blue points are only presented for demonstrations, and the actual fitting does not depend on the binning. The pink and grey shaded areas represent the 1σ and 3σ posterior distributions of the fitting. The center of the best-fit Gaussian is µα = 0.1, and standard deviation is σ alpha = 9.7. (b) Same as (a), but for the 2-Gauss model. The center and standard deviation of the smaller population are µ α1 = 27.4 and σ α1 = 32.2 respectively, and the center and standard deviation of the main population are µ α1 = −1.3 and σ α1 = 5.6 respectively. The fraction of the smaller population is 20 ± 10% in the best-fit model. As is discussed in section 5.5, the 2-Gaussian model yields a much better fit than the 1-Gaussian model, indicating a high probability that the kind of planets in our sample need to be described as 2 populations.
Gaussian process and obtained their transit depths with uncertainties on the Spitzer 4.5 µm band. These planets also have previous transit depth measurements in the Kepler bandpass, so that we can study the large-scale slope of their transmission spectra. While we cannot draw definitive atmospheric conclusions from transits in only two wavelength regions, the difference between optical and infrared transit depth is informative: first, a significant difference of any kind necessitates the presence of an atmosphere. And secondly, the difference in transit depth between these two wavelength regions is correlated with strength of molecular absorption in Jovian planets (Sing et al. 2016) . Adding two other previously studied planets with similar physical and orbital properties to our sample, we found that the distribution of the index α of these 30 small planets cannot be described by a single Gaussian model. Quantitatively, we compared a 1-Gaussian model fitting of the distribution with a 2-Gaussian model fitting, which introduces 3 extra parameters, using the Likelihood Ratio Test, and found a p-value smaller than 0.01, indicating a high probability that a 2 population model better fits the distribution of the index α. The main population, consisting of 80 ± 10% of the planets as was shown in our fitting, has a mean α of -1.3 with a standard deviation of 5.6, indicating atmospheres with some level of hazes or clouds, or bare planets with atmospheres evaporated. The smaller population, consisting of around 20 ± 10% planets in our sample, show high α values with a mean of 27.4 and a standard deviation of 32.2, which hints relatively clear atmospheres with detectable molecular features on the IR region.
We also plotted α values against various planet properties. The smaller population which favors high α values seems to consist of smaller planets, namely superEarths with radius 2R ⊕ , while the main population is distributed similarly across all R p values. Although no obvious correlation is found between planet semi-major axis and their α values, a relatively prominent trend is observed on the α − T p plot, which shows that all planets with larger power-law slope α are located in the region with T p < 500 K.
As discussed in Section 6.2, the measurements of planet masses are critical in calculating their atmosphere scale heights and decoding the atmosphere compositions. Therefore RV measurements and TTV analysis of higher precision are needed to characterize temperate superEarths/mini-Neptunes.
On the other hand, we have shown that some of the temperate super-Earth/mini-Neptune sized planets orbiting around early M/late K dwarfs can retain atmosphere with detectable molecular features, and it is worth devoting HST/JWST time to observe selected planets of this kind. In particular, we are interested in eight planets in our sample that have α values inconsistent with zero: K2-28b, K2-26b, K2-3b, K2-21b, K2-21c, KOI247.01, Kepler-505b, Kepler-395c and Kepler-125b. We will assess the feasibility to observe them in wider optical/IR bandpass and evaluate their transmission spectra in future works to prepare for the upcoming JWST mission.
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